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A 1.56 μm femtosecond fiber laser was used to excite p- and n-type InAs 
and InSb semiconductors at the reflection geometry. Results revealed that at 
this excitation wavelength, InAs still showed a much stronger THz emission 
that differs from previous studies. However, using permanent magnets and a 
Si lens coupler, significant enhancement of the THz wave was observed 
from InSb semiconductor as compared to InAs. The combination of the InSb 
emitter and the femtosecond fiber laser system provides a stable and 




32031遠赤画外領域研究.indd   126 10/07/27   18:30
1. Introduction 
Femtosecond laser excitation of semiconductor surfaces produces coherent electromagnetic 
(EM) waves that extend into the terahertz (THz) frequency and can be used for applications 
like THz time-domain spectroscopy (THz-TDS) [1], imaging [2], and non-contact detection of 
harmful or illegal materials [3]. To be more useful inside and outside the laboratory 
environment, these applications require compact THz systems. In such case, a fiber laser is a 
good laser source owing to its portability, size, and ease of use. In addition, it is also crucial to 
further investigate THz emitters that can easily be incorporated into these systems and bulk 
semiconductors are such emitters. 
Indium Arsenide (InAs) is regarded as one of the best THz emitters of the bulk 
semiconductors at an 800 nm laser excitation [4] and Indium Antimonide (InSb) has shown to 
have a higher emission when a 1.56 μm laser source is used [5, 6]. The reason for their strong 
THz emission is due to the large difference between their electron and hole mobilities. Also, 
InAs has shown to be an effective emitter for THz emission enhancement under a magnetic 
field [7] as well as using an optical coupler [8]. Further investigation on the THz emission 
from InSb at 1.56 μm excitation and emission enhancement using various methods is crucial. 
2. Methodology 
An IMRA femtosecond fiber laser (λ~1.56 μm at fundamental, λ~780 nm at the second 
harmonic, δt~100 fs, 50 MHz repetition rate) was used to excite p- and n-type InAs (p-type: 
np = 7.1 x 1016 cm-3, µp = 150 cm2/V/s; undoped n-type: ne = 3 x 1016 cm-3, µe = 22000 
cm2/Vs) and InSb (p-type: np = 2-3 x 1015 cm-3, µp = 8.4-4.9 x 103 cm2/Vs; undoped n-type: ne 
= 0.3-0.85 x 1015 cm-3, µe = 5.0-3.5 x 105 cm2/Vs) single crystal semiconductors. The 
thicknesses of the samples were ~0.45 mm. The fundamental 1.56 µm pump beam was 
separated from the second harmonic 780 nm probe beam by a polarizing beam splitter and 
mechanically chopped at 2 kHz, as shown in Fig. 1. The pump and probe beam powers were 
25 mW and 15 mW, respectively. The 30 µm diameter pump beam was incident on to the 
samples at a 450 angle. A low-temperature GaAs dipole PC antenna was used as the detector. 
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3.1 THz emission from InAs and InSb 
Figure 2 shows the normalized THz time-domain 
waveforms from the semiconductor samples. As 
seen, the p-type InAs THz waveform has almost the 
same magnitude as that of the n-type. Furthermore, 
the THz waveforms from the InAs (p- and n-type) 
samples are 4 times larger in amplitude than the 
InSb (p- and n-type) samples. These results contradict previously reported studies that showed 
p-type InAs is much stronger than its n-type counterpart [4, 5] and that InSb had exhibited 
stronger THz emission than InAs owing to its higher mobility and almost negligible 
intervalley scattering in this excitation wavelength [8]. In line with this, a second p-type InAs 
(p-type: n= 6-10 x 1017 cm-3, µ = 165 cm2/Vs) sample was compared. This p-type InAs 
exhibited smaller THz wave amplitude compared to the InSb samples even though this InAs 
has a larger number of charge carriers and mobility than the first p-type InAs. Furthermore, its 
THz waveform polarity is reversed. These surprising results could be explained by the quality 
of the semiconductor samples.  
 
Fig. 1 Experimental Setup 
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3.2 THz emission enhancement in InSb using permanent magnets 
The enhancement from magnetic 
fields can be explained by the 
Lorentz force exerted on to the 
excited carriers inside the 
semiconductor. This force changes 
the path of the photo-excited 
carriers from a parallel to a vertical 
direction relative to the surface 
normal [9] thereby changing the 
THz emitted θ2sin dipole pattern, 
where θ  is the angle between the 
dipole axis and its emission 
direction, and in so doing improved 
the emission efficiency. 
Using the same experimental setup and parameters, THz 
emission enhancement in InSb using permanent magnets was 
examined. The permanent magnets were placed ~10 cm apart, as 
seen in Fig. 4. Relative to the excitation beam`s position on the 
sample and the direction parallel to the sample`s surface, the 
magnetic fields in the "upward" and "downward" directions were 
19.7 mT and -22.6 mT, respectively.  
Figures 5(a) and 5(b) show the magnetic field dependent THz 
time waveforms of p- and n-type InSb, respectively. Subtracting 
the THz waveforms taken with an applied B-field from that 
without an applied B-field gives the difference waveforms as 
shown in Figs. 5(c) and 5(d). 
THz emission is strongly enhanced above a 1T applied B-field as reported [6]. However, in 
this experiment, a considerable change was seen although the applied B-fields, ±20mT, was 
weak. This result shows that InSb is sensitive to the change in the magnetic field. 
Fig. 3 Dipole emission pattern 
(a) p-type InSb (b) n-type InSb
Fig. 4 Semiconductor emitter 
under magnetic field 
129
32031遠赤画外領域研究.indd   129 10/07/27   18:30
Figs. 5(a) and 5(b) Magnetic field dependence of the terahertz time waveforms of p- and n-type InSb, 
respectively. 5(c) and 5(d) Difference time waveforms of Figs. 5(a) and 5(b), respectively. 
To further increase the B-field 
through a p-type InSb sample, the 
permanent magnets were placed very 
close (~ a few mm) to the sample. The 
magnitude of the B-field at the laser 
excitation spot was measured to be ~380 
mT. As seen in Fig. 6, a surprising 12x 
enhancement of the THz amplitude 
(144x in power) was revealed.  
 
 
3.3 THz emission enhancement in InSb using Si lens coupler 
Another method for an efficient enhancement of the THz emission is by using a Si lens 
coupler. As in the previous sections, the same experimental setup and parameters were used.  
The high-resistivity (2.1 kΩ/cm) Si hemispherical lens, with a diameter of 13.5 mm and 
Fig. 6 12x THz amplitude enhancement 
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Figs. 8(a) and 8(b). Terahertz time waveforms from n-type InAs and InSb with and without a Si lens.
height of 6.35 mm and bought from Hikari-kobo Ltd. Company, was placed on the surface of 
the semiconductor sample, as shown in Fig. 7. In this configuration, the effect of the 
difference between the refractive index of air and the semiconductor can be reduced and the 
critical angle α can be increased, thus, the radiation loss due to the total internal reflection can 
be reduced. The emitters used were n-type of InAs and InSb. Figures 8(a) and 8(b) show the 
THz time waveform. As seen, there is significant increase in the THz emission from the InSb 
as compared to InAs. Specifically, there is a 4x increase in the amplitude (16x in power) from 






Using a 1.56 μm femtosecond fiber laser, a comparison of the THz emission from p- and 
n-type InAs and InSb samples and the emission enhancement from InSb using a permanent 
(a) n-type InAs (b) n-type InSb 
Fig. 7 Experimental Setup with Si lens coupler 
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magnet and Si lens coupler were investigated. Result showed that in this excitation 
wavelength, the InAs is still superior to InSb, which contradicts previous studies. On the other 
hand, the InSb samples demonstrated unusual sensitivity on the change of an applied 
magnetic field although THz emission enhancement could be observed. In addition, by using 
a Si lens coupler, a sizeable increase in the THz emission from InSb was seen. Lastly, the 
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